Abstract-The study of the thermal stability process in secondgeneration (2G) high-temperature superconductors is important to determine its optimal performance in applications. When a fault takes place during operation, the heat generated must be evacuated as fast as possible in order to protect the superconductor from damage. If conductors are immersed in liquid nitrogen (LN), thermal stability is strongly dependent on the tape orientation, proximity between tapes, and the characteristics of the surface, such as roughness, presence of insulating materials covering the conductor, etc., which will influence the recovery time of the conductor after a fault. In this contribution, we analyze quench and cooling processes of 2G conductors subjected to over-currents and immersed in LN. The sample surface has been modified in order to induce different roughnesses. The observed behavior has also been compared with that of samples covered with polyimide (kapton) or varnish. Information about recovery times for the different LN cooling regimes has been obtained.
I. INTRODUCTION

S
ECOND generation superconducting tapes are very promising materials for their use in electric power applications such as motors, generators, magnets, superconducting fault current limiters (SFCL), etc. With this aim, the development of these coated conductors concentrates in aspects as diverse as: to get higher critical currents in magnetic fields I c (B) by the enhancement of the flux pinning; to obtain good I c homogeneity for long lengths; to decrease the AC losses important for AC applications; to improve the thermal stability to avoid the damage of the tape during quench or over-currents; etc.
The behavior of Cu-stabilized coated conductors immersed in liquid nitrogen (LN) and subjected to over-currents has been analyzed previously by several authors [1] - [3] . Depending on its magnitude in relation to I c , the over-current may cause the temperature of the tape to increase by just a few Kelvin to In this paper we analyze the effect of AC over-currents in Cu-stabilized coated conductors immersed in LN when the sample surface is modified in order to induce different roughness, or covered with kapton or GE varnish. The effect of these changes on the recovery times after the current pulse, characterized by the time decay constants, has been analyzed. The electric field and the temperature of the sample are analyzed for current pulses of short duration of about 90 ms.
II. EXPERIMENTAL
A. Description of the Samples
Experiments were performed on several 4 mm-wide, 9 cmlong 2G RE-123 wires fabricated by SuperPower Inc., as supplied and after having modified their surface. i) Sample A is the commercial SCS4050 tape, which contains a 20 μm Cu layer on both sides as stabilizing layer. ii) Surface of Sample B was modified using a laser ablation technique, to increase the sample roughness. This laser treatment was performed at room temperature with a 20 W Nd:YAG (Powerline E, Rofin Baasel Inc.) laser emitting at 1064 nm with a 10 ns pulse width and a 5 kHz repetition rate. A set of parallel transverse lines was generated on the sample surface. The distance between the centers of the lines was 150 μm. The process has been repeated 5 times with laser irradiance of 0.18 GW/cm 2 and a scanning speed of 100 mm/s. These conditions produce 5 μm depth lines and assure that superconducting properties are not deteriorated.
iii) The surface of Sample C was mechanically polished using diamond paste, in order to reduce the surface roughness. iv) Samples D and E were insulated with a 4 mm-wide, 25 μm thick polyimide (kapton) with silicone adhesive. In the first case, the polyimide tape was wrapped helicoidally with an adjustable overlap of 50%. In the second case, the same polyimide tape was glued parallelly on both sides of the superconducting tape. v) Finally, Sample F was covered with a 75 μm-thick layer of GE varnish on both sides of the coated conductor.
None of the surface treatments has produced any deterioration of the critical current of the tapes. 
B. Surface Roughness Characterization
Sample roughness was characterized using confocal microscopy (Plμ − 2300 Sensofar). Fig. 1 shows the topography of Samples A and B. Sample A surface roughness has been characterized with the parameter R a ≈ 400 nm. In the case of Sample B, the distance between lines was selected in order to reach a continuous peak-valley structure with a maximum height of 5 μm. This treatment induces an increase in the surface roughness up to R a ≈ 800 nm. The surface roughness of Sample C was reduced down to values lower than 100 nm by polishing.
The description of the analyzed tapes and their R a and I c values are collected in Table I .
C. Experimental Set-Up
Four voltage taps and three miniature type K thermocouples were soldered to the samples in order to characterize the electrical and thermal time evolution profiles of the samples in three sections of approximately 1.5 cm by means of a data acquisition (DAQ) device. During the experiments, samples were immersed in LN with their longitudinal axis and tape surfaces parallel and perpendicular, respectively, to the liquid surface. A given 59 Hz AC current, with a peak current higher than the critical current value, was applied to the sample for a period of about 90 ms. After that, the current is set to zero. The current was measured using a Rogowski coil.
If the temperature of the tape increases above the critical temperature (90 K) during the over-current pulse, the impedance of the system increases rapidly, causing the limitation of the current during the pulse. In this paper, I p,s refers to the peak current in short-circuit, i.e. without the superconductor, and is constant during the pulse. While I p corresponds to the peak current flowing through the circuit when the superconductor is connected and may decrease during the over-current pulse, depending on the limitation capability of the samples. Fig. 2 shows the temperature overheating during the overcurrent pulses and its subsequent decrease after the current was set to zero, for the different analyzed tapes. The temperature recovery after the over-current pulse decays exponentially and can be approximated as:
III. RESULTS AND DISCUSSION
with τ = CA P h . The time decay constant, τ , depends on the specific heat per unit volume, C, of the sample the cross-sectional area, A, of the tape, the perimeter per unit length, P , in contact with the LN which in this case would be approximately twice the sample width (P ∼ 2w), and the heat transfer coefficient, h. ΔT is the temperature difference between the sample and the LN, and ΔT 0 = ΔT (t = 0) with t = 0 corresponding to the end of the current pulse. In (1) the heat conduction term has been considered negligible, i.e. it has been assumed that the temperature is uniform along the tape.
A typical measurement for the commercial SCS4050 tape at different currents is observed in Fig. 2(a) [1] . The figure clearly shows the three observed regimes: (i) Convective regime, characterized by low maximum ΔT , up to 4 K, and long time recoveries (τ ∼ 0.4-0.5 s), which is the case of I p,s = 247 A in the figure. (ii) The nucleate boiling regime, which is the most effective one for removing high heat loads from a device while maintaining relatively low surface temperatures, can be observed for I p,s = 310 A in the figure. In this case ΔT is always in the range from 5 to 10 K and the recovery is characterized by low time decays constants τ ∼ 0.03-0.04 s. (iii) Finally, for higher currents the film boiling regime appears when the sample overheating ΔT is in the range between 40 K to 120 K, and is characterized by low time recovery (τ ∼ 0.2-0.3 s) followed by a sudden increase in the rate of the temperature recovery, when the temperature decreases again down to ΔT ∼ 20-30 K, and the nucleate boiling is activated. In this second stage, τ is 0.03 s, similarly to the case (ii). The time decay constants τ are collected in Table II , together with those obtained for the rest of the analyzed tapes.
The corresponding heat transfer coefficient values obtained using (2) , from the temperature profiles data obtained during the experiments, range from 100 to 200 Wm −2 K −1 for the convective regime, which increase by an order of magnitude to h ∼ 800 − 3000 Wm −2 K −1 for the nucleating boiling regime, and finally decreases again down to h ∼ 300 Wm −2 K −1 for film boiling [1] , [4] . Sample C has similar recovery behavior with characteristic time decay constants: τ ∼ 0.4-0.5 s, τ ∼ 0.02-0.03 s and τ ∼ 0.5 s, for the convective, nucleated boiling and film boiling, respectively. In Sample C, while the time constant in regime 2 is smaller than the previous two cases, the larger time constant in regime 3 has caused the recovery time to be slightly higher that the two previous cases. Note that for high over-current (I p,s = 430 A) in Samples B and C, the recovery went through two stages of LN cooling regimes as in the commercial tape.
It is well known that surface condition has important effects on boiling heat transfer [5] , [6] . Roughening the surface is often used in order to increase the number of nucleation sites at which bubble formation might occur, improving this way the performance in nucleate boiling. In our case, it seems that the small surface roughening increase and decrease in Samples B and C, respectively, is not sufficient to produce significant changes on the behavior of the tapes under over-currents.
Sample C shows slightly longer recovery times than A and B, but since these measurements depend also on the agitation of the LN, more tapes should be measured in order to verify that this is indeed an effect of the polishing. In this sense, it must be noted that the over-current values that give place to the film boiling regime depend on the conditions of the LN. It is wellknown that an effective way to improve boiling heat transfer is to agitate the liquid, i.e., to increase the turbulence of the liquid. In our case, we have observed that heat transfer is more efficient when the level of liquid is very high and the measurements are done just after transferring the LN in the cryostat, in such a way that for these conditions we observe the nucleate boiling regime even for the maximum available currents I p,s ∼ 430 A. For this reason, we have tried to do all measurements in similar conditions (i.e. with the same level of LN and waiting for the same time after transferring the nitrogen), although the exact agitation condition of the liquid is difficult to control. Fig. 2(d) and (e) show the results for Samples D and E, which are covered by polyimide, wrapped helicoidally or glued parallel to the tape, respectively. Surprisingly, both samples have significant different recovery behaviors, except in the convective regime, which is very similar in all analyzed samples. Note that in this case, the temperature of the sample, not of the coating, was measured by the thermocouples, since this was removed mechanically with a scalpel in a very small area (∼0.5 mm 2 ) in order to solder the thermocouples to the tape. For Sample D we observed that for overheating values ΔT = 8-10 K [I p,s = 302 A in the Fig. 2(d) ], the recovery times are about 5 times longer as in Samples A, B and C, and are characterized by high τ values of about 0.17 s. Upon increasing the current to 430 A, the overheating achieves similar values as in Samples A, B and C with ΔT ∼ 70-90 K, but in this case there are not two different regimes in the temperature recovery, but just one, characterized by a time decay constant τ ∼ 0.1 s.
For Sample E, the temperature recovery is similar to the commercial tape for low and medium ΔT , obtaining τ ∼ 0.5 s and τ ∼ 0.05 s, for I p,s = 210 A, and 332 A, respectively. For the higher current, I p,s = 430 A, the overheating achieves similar values as in Samples A, B and C with ΔT ∼ 60-70 K, but the temperature recovery is much faster than for Samples A, B, C and D, and is characterized by just one recovery regime with a time decay, τ ∼ 0.06 s, which is advantageous in order to prevent the damage of the sample during film boiling regime.
Finally, Fig. 2(f) shows the behavior observed on Sample F, which was covered with a layer of GE varnish. This one shows similar τ values than non-covered samples for small and medium over-currents (τ ∼ 0.5 s and τ ∼ 0.03 s, for I p,s = 178 A, and 270 A, respectively), However, it has much faster recovery times compared to the non-covered samples (τ ∼ 0.01 s) for high currents 430 A.
Coating the sample with a thermal insulating material applied to the solid surface is a well-known method to increase the heat transfer between a boiling liquid and a solid in thermal contact with such liquid [7] , [8] . The coating has to be thick enough to reduce the temperature difference between the boiling liquid and the heat transmitting surface. In this way, the temperature difference may be reduced to such a value that the boiling regime is changed from film boiling to nucleate boiling. Sample F is therefore the sample showing the best recovery performance. Additional experiments would be required to optimize the thickness and material of the coating, and also to analyze if other properties such as porosity and roughness of the coating surface have also any effect on the observed features.
IV. CONCLUSION
We have analyzed the overheating and cooling processes of Cu-stabilized 2G conductors subjected to over-currents and immersed in LN. Different surface conditions have been analyzed. For tapes whose surface has been modified to induce different roughness, whether increasing it by laser ablation technique or decreasing it by polishing, we have not observed any significant difference on the cooling process or the recovery times, compared with the commercial tape. In all cases the convective, nucleate boiling and film boiling regimes are observed.
When a thin layer of polyimide tape is wrapped and glued to the sample helicoidally, the recovery behavior differs considerably from the non-covered samples, showing long recovery times for overheating of ΔT = 7-10 K in the nucleate boiling regime. On the contrary, for high over-heatings there are not two different regimes in the temperature recovery as for the non-covered tapes, but just one, characterized by a time decay constant τ ∼ 0.1 s.
Covering the sample with a layer of polyimide glued parallelly to the tape, or by GE varnish, does not produce appreciable changes in the convective and nucleate regimes. Nevertheless for high overheating, this covering layer causes an important increase of the cooling rates, compared to the commercial tape. This effect is mainly observed for the case of GE varnish, which shows optimal thermal recovery features among all analyzed tapes.
